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APPARATUS AND METHODS FOR
CONTINUOUS FLOW SYNTHESIS OF
SEMICONDUCTOR NANOWIRES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application incorporates by reference and claims pri-
ority to U.S. Provisional Application 61/860,330 filed on Jul.
31,2013.

GOVERNMENT RIGHTS

This invention was made with U.S. Government support
under SBIR Phase I Grant No. IIP-1214077 awarded by the
National Science Foundation. The U.S. Government has cer-
tain rights in the invention.

BACKGROUND OF THE INVENTION

The present subject matter relates generally to nanoscale
materials and ways of producing such materials, including
semiconductor nanowires.

Nanoscale materials, such as nanoparticles and nanowires,
are the subject of considerable research in materials science.
Part of the interest stems from the fact that materials formed
as nanowires frequently exhibit properties that are dramati-
cally different from the corresponding bulk materials, includ-
ing unique optical, electronic, and mechanical properties.

Nanowires may be used in a wide variety of applications
such as various integrated circuits, chemical and biological
sensors, optoelectronic devices, and photovoltaics. For
example, there is an interest in developing semiconductor
nanowire-based devices for use in various electronic devices
and systems to replace or supplement complementary metal-
oxide-semiconductor (CMOS) technologies. As another
example, nanowires have a large surface area, and thus may
be advantageously applied to various sensing modalities and
configured as particular sensors, e.g., for biological analytes
and other analytes. Reliable large-scale production of nanow-
ires is essential for the commercialization of products based
on semiconductor nanowires.

High quality nanowires have uniform diameters along their
lengths, and smooth surfaces.[1] Other reported attributes of
high quality nanowires include reasonably narrow diameter
distributions (standard deviations of 10-20% of the mean
diameters), lengths of several micrometers, and straightness
of the synthesized nanowires.[2] Nanowires are regarded as
low quality if they have kinks and other surface defects,
relatively shorter, and branched, especially if these qualities
cannot be controlled or arise from synthetic protocols that
otherwise should give high quality nanowires.[ 1, 2] Low syn-
thetic yield, and poor size distributions are also associated
with low quality nanowires.[3] Branching in nanowires in
itself is usually not regarded as a poor quality if that is the
intended morphology, and the branched nanowires can be
synthesized in a controlled manner and do not exhibit any
other attribute of low quality nanowires. [3, 4]

Semiconductor nanowires may be synthesized using a
range of conditions, from high temperature (e.g., less than
1100° C.) gas-phase reactions,| 5] to relatively low tempera-
ture (e.g., less than 250° C.) solution-phase conditions. Solu-
tion-phase routes to semiconductor nanowires are of particu-
lar interest due to the potential for size and shape control,
chemical surface passivation, colloidal dispersibility, and
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2

adaptability to high throughput continuous processes. Solu-
tion methods allow greater control over structure and function
than gas phase methods.[6]

Solution-phase routes to semiconductor nanowires include
non-catalyzed (e.g., oriented attachment, and solvothermal/
hydrothermal growth), and catalyzed (e.g., supercritical
fluid-liquid-solid growth, and solution-liquid-solid growth)
approaches. The most reliable and reproducible method has
proved to be the catalyzed methods. In the catalyzed
approach, small metal droplets (also called metal seeds, metal
seed particles, or catalyst) are used to induce the asymmetric
crystallization of semiconductors from precursors in solu-
tion.[7] Among the catalyzed solution-phase routes, solution-
liquid-solid approach affords the use of lower temperatures
(e.g., less than 250° C.) to grow semiconductor nanowires
with such advantages as nanowire crystallinity, length, and
diameter control.[8] The solution-liquid-solid (SLS) is so
named based on a proposed mechanism wherein the nanoma-
terials precursors are in solution, then partition in to the liquid
catalyst, and lastly the solid nanowire is grown.

Common among the solution-phase routes to many nano-
materials is a hot-injection technique in which a precursor
solution at room temperature is injected into a second precur-
sor solution held at a certain elevated temperature in order to
rapidly produce a large amount of monomers to trigger a burst
of nucleation and subsequent growth of nanomaterials in a
controlled manner in the reaction system.[9] The solution-
phase routes are typically performed as a small scale batch
process to achieve the required control over thermal and mass
transport properties needed to control nucleation and growth.
However, even when the hot-injection reaction is done on the
small scale, the control of the needed parameters is not as
precise as desired.[10, 11]

Conventionally, cadmium selenide nanowires are pro-
duced in solution by the hot-injection method, where the
reagent solution containing the catalyst and selenium source
is injected into a hot (220° C.-300° C.) vessel containing the
cadmium precursor solution. The hot injection method is also
widespread in the synthesis of other semiconductor nano-
structures like CdS, CdTe, PbS, PbSe, ZnSe, etc.[3, 12-15] It
is widely held that the rapid temperature jump experienced by
the injected reagent solution is necessary to nucleate the
metal seed particles, and induce rapid growth of the nanow-
ires from the seeds.[7, 9] Generally in the growth of semicon-
ductor nanocrystals, the requisite supersaturation and subse-
quent nucleation can be triggered by rapid injection of a
precursor solution into a vigorously stirred flask solution
containing a hot (150-350° C.) solvent or another precursor
solution.[15] The growth of nanowires typically takes 1-5
minutes, and the temperature must remain constantly high
post-injection, as a drop in temperature can lead to a variety of
other nanomaterial morphologies such as rings, quantum
dots, and other undesired by-products.[16]

Similarly, nanowire production may suffer if all the
reagents are mixed together and concurrently heated to the
reaction temperature. In the batch process, where heat trans-
fer is very slow due to the volume of reagent being heated, it
is difficult to rapidly increase the precursor concentration
above the nucleation threshold, which leads to the short
nucleation critical to form nanoparticles.[15] In the hot injec-
tion method, this nucleation burst arises from the rapid injec-
tion of new reagents and the dramatic alteration of the tem-
perature profile.[17] The poor production of nanowires may
be due to the numerous side reactions that may occur at lower
temperatures that serve to consume all the reagents. A side
reaction of particular note is the formation of magic sized
clusters, which can form at relatively low temperatures,
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including room temperature.[ 18-21] Magic clusters are small
clusters of a few to several hundred molecules, which are
unusually stable compared to other clusters of similar sizes.
Not only do these clusters consume the precursors and
decrease the yield of the desired product, but they may also be
intermediates in the synthesis of certain morphologies of
nanomaterials, and produce undesired by-products.[20]
Thus, despite the difficulties of the hot injection process, it is
the conventional route to the solution synthesis of nanowires.
[22, 23]

A disadvantage of the hot-injection method is that it is not
scalable. For example, to scale up the production of nanow-
ires in a batch hot-injection process, large amounts of cool
reagents solutions must be injected into large amounts of hot
reagent solutions. Here, the temperature and the reaction
profiles may be different and these parameters may affect the
quality of the produced nanowires. Additionally, further scale
up or continuous production may be hampered because the
set-up must be constantly disassembled after each process,
and the process may need to be optimized at each scale.
Quantum dots were originally made by hot-injection, but the
commercial process for production of quantum dots is a con-
tinuous flow method.[24] A variety of methods and appara-
tuses for making quantum dots via flow technology have been
patented.[25-27]

While quantum dots and nanowires are both made by the
hot injection method, and in some case have extremely simi-
lar reagents used, innovations made for quantum dot synthe-
sis that enabled translation of the quantum dot synthetic pro-
cess to continuous flow methods have not been successfully
applied to nanowire synthesis.

For example, trioctylphosphine oxide (TOPO) is a chemi-
cal used as a solvent in the hot-injection synthesis of both
CdSe nanowires [4, 6, 8] and quantum dots [15, 28]. Tradi-
tionally, in the example of CdSe nanowires, solution-based
synthesis of CdSe nanowires (NWs) have been carried out
using trioctylphosphine oxide (TOPO) as the solvent in a
batch synthesis procedure. Even highly pure TOPO contains
impurities that have a strong impact on the reliability of
nanomaterials synthesis.[1, 2, 29] Despite the problems with
TOPO, the recommended procedure in nanowires synthesis is
to purify TOPO in-house, and dope in trace amounts of alky-
Iphosphinic acids to produce the desired morphology.[2]
These same issues impact quantum dot synthesis, however,
the quantum dot synthesis has been optimized to reduce or
eliminate TOPO. This not only improves the quality and
reliability of quantum dot synthesis, but is an enabling factor
that allows quantum dots to be produced in a flow reactor.

TOPO limits the translation of many syntheses to a flow
configuration because it is solid at room temperature, and thus
problematic to flow.[30] It has been shown that TOPO can be
eliminated[31-37] or reduced/diluted[38, 39] in quantum dot
synthesis without impacting the quality of the quantum dots.
This then enables a flowable reagent mixture, which enables
translation of the system to a flow reactor. Elimination or
reduction/dilution of TOPO in CdSe nanowire synthesis has
not been reported.

Similarly, the conventional selenium source for the synthe-
sis of metal selenide nanowires is selenium powder dissolved
in trioctylphosphine (TOP-Se).[6, 14, 16] A similar proce-
dure is used to create other chalcogenide sources (E=S, Se,
Te) such as TOP-S,[40] TOP-Te,[8] etc. However, TOP-Se is
very air-sensitive and may result in reproducibility problems
with the formation of the nanowires, owing to the impurities
found in trioctylphosphine.[41] As a result, alternatives to
TOP-E in solution phase metal-chalcogenide nanomaterials
synthesis are needed. Again, the synthesis of quantum dots
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has been optimized to use alternate chalcogenide sources,
such as elemental selenium dissolved in 1-octadecene (Se-
ODE),[42-46] or S-ODE,[45, 47]. However, again, applica-
tion of metal-chalcogenide semiconductor nanowire synthe-
sis using E-ODE as the selenium precursor has not been
reported.

The batch hot injection method is usually accompanied by
atemperature drop when the cool reagent solution is added to
a hot solution to initiate the process of nanowire formation.
After the injection, the reaction temperature is maintained
while the nanowires are allowed to grow for a specific amount
of'time, usually 1-5 min. The temperature drop, as well as the
time it takes the temperature of the hot reagent solution to
return to the set temperature, scales with the amount of the
injected cooler reagent solution. Further, Se-ODE is usually
prepared at a concentration that is an order of magnitude less
concentrated than TOP-Se and as such requires a substan-
tially larger volume of the solution for the same number of
moles of selenium. Typically, TOP-Se is prepared at a 1M
concentration, while Se-ODE is prepared at a 0.1M concen-
tration. The large volume of Se-ODE that is needed for the
same number of moles as in TOP-Se will result in a large
temperature drop when the Se-ODE solution is used is the
batch hot injection process. Such a large temperature drop is
problematic for any nanowire synthesis using the hot injec-
tion method.

Three examples of nanowire morphologies grown via a
flow process have been reported that all use a similar appara-
tus. Importantly, none use a continuous flow process, which is
a limitation of the apparatus and method design. Essentially,
all three conventional methods contain a substrate with
attached catalysts. Reagents are flowed across the surface,
and nanowires grow out from the surface. The reaction is
halted, and the substrate is removed from the reactor and the
nanowires are harvested from the substrate.

For example, a conventional method using a flow reactor
prepared gold nanoparticles and deposits them on a Si wafer.
Each substrate was 5x20 mm, and the flow cell could hold one
substrate.[48] The flow technology involved flowing super-
critical fluids containing either reagents or solvent over the
substrate for some time, then quenching the process and
removing the substrate to examine the nanowires. This
method also requires specialized chemicals that have the
desired properties in the supercritical fluid, and is not gener-
ally applicable. A heating block could hold up to 6 reactors,
providing some demonstration of scalability. However, the
wafer size itself probably is not scalable, as too large a wafer
can lead to gradients in chemical precursor concentration as
the wires growing on front portion of the wafer consume the
reagents and “starve” the wire growth at the back portion of
the cell.[49]

Zinc Oxide nanowires were grown using the chemical bath
deposition method using a similar apparatus, but using flow-
ing liquid phase, rather than super critical fluid phase. In this
example, the catalyst-coated substrate was actually incorpo-
rated as one of the walls of the reactor.[49, 50] Again, the
reactor would need to be disassembled to remove the product,
and the reactor could only be run while catalyst remained on
the wall.

Similarly, using a catalyst coated substrate wall was
recently reported by the group of Hollingsworth.[51] In this
example, a 10x10 mm? squares of bismuth were coated onto
a 15x25 mm? Si wafer using electron-beam deposition. The
substrate was then assembled into the reactor using a gasket
system to attach the substrate to a microfluidic chip. Precursor
solutions were then flowed over the heated bismuth substrate.
When the reaction was over, the reactor was disassembled and
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the nanowires on the substrate were removed. Notably, the
authors report problems with the solidification of their pre-
cursors. In the example, a Cd(TDPA), precursor is created
using the standard TOPO based preparations. The Cadmium
precursor was then diluted with a large volume of TOP, which
was reported to prolong the time before the solution solidi-
fied, and aided in the flowability. However, this did not pre-
vent solidification, and the solutions had to be heated to ~100°
C. to melt them, before loading them in the pumps to flow into
the reactor. The authors also report that the feedlines were
sometimes heated with a heat gun to prevent solidification of
the precursor solutions. The nanowires produced were typi-
cally quite short, typically under 1 micron, even at very long
reaction times (30 minutes). The nanowires also had atapered
morphology, with one end substantially narrower than the
other, and coming to a point.

An apparatus and methods are needed to synthesize high
quality nanowires in a flow reaction in larger quantities and
results in reproducible, high quality, nanowires.

BRIEF SUMMARY OF THE INVENTION

The present technology includes systems, apparatuses,
processes, articles of manufacture, and compositions that
relate to semiconductor nanowires. Specifically, the present
apparatuses and methods are directed to a continuous flow
process using microchannel reactors to produce nanowires.

The disclosure provides an apparatus for producing semi-
conductor nanowires that may include: 1) one or more pumps
for flowing one or more precursor solutions; 2) one or more
connectors for combining different precursor solutions in a
single channel or conduit; 3) mixing by diverging the channel
into a plurality of channels, and converging the plurality of
channels in a single channel with a uniform precursor solu-
tion that enters a reactor; 4) a reactor having a serpentine or
tortuous microchannel and/or macrochannel heated substrate
to pass the mixed precursor solution from the connectors
through to create and grow semiconductor nanowires. The
micro/macro-channel in the heated substrate may further be
lined with high temperature micro/macro-channel tubing, for
example.

The disclosure also provides a method for continuous flow
manufacturing of semiconductor nanowires that includes a
mixed reagent precursor solution that may be liquid at room
temperature, and contains metal and anion precursors, and
catalyst. The catalyst may be formed in situ from a precursor
compound.

An example of a continuous flow method for manufactur-
ing semiconductor nanowires may include the following
steps: 1) synthesizing an anion precursor to form an anion
stock solution; 2) synthesizing a metal precursor to form a
metal precursor stock solution; 3) synthesizing a catalyst
precursor or catalyst solution; 4) mixing the precursor solu-
tions by using one or more pumps to flow the solutions
through one or more connectors; 5) flowing the mixed solu-
tion through a reactor at a specific temperature; 6) collecting
and washing the product to obtain a purified product.

In an embodiment, the continuous flow method of produc-
ing nanowires includes adding a metal precursor solutionto a
first continuous flow reactor, adding an anion precursor solu-
tion to the first continuous flow reactor, and creating a plural-
ity of metal-anion nanowires, wherein the first continuous
flow reactor is maintained at a temperature between, and
including, 170° C. to 300° C. In an example, the plurality of
nanowires are CdSe nanowires. The plurality of nanowires
may be Group 1I1-V, II-VI, and IV-VI semiconductor nanow-
ires.
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The method may include adding a catalyst precursor solu-
tion to the first continuous flow reactor, wherein the third feed
line is in fluid communication with the first continuous flow
reactor.

In an example, the anion precursor solution includes sele-
nium-octadecene. The anion precursor solution may include
selenium-octadecene, selenium-trioctylphosphine, sulfur-
octadecene, or sulfur-trioctylphosphine. In another example,
the metal precursor includes cadmium or lead. For example,
the metal precursor solution includes cadmium, diphenyl
ether, octadecene, and trioctylphosphine oxide. In yet another
example, at least one of the metal precursor solution and the
anion precursor solution include a catalyst precursor solution,
wherein the catalyst precursor solution includes bismuth
compound in a high boiling point solvent, wherein the high
boiling point solvent has a boiling point of greater than, or
equal to, 200° C.

The plurality of nanowires may have average diameters
between, and including, 2 nm to 70 nm, and wherein the
average length of the plurality of nanowires is between, and
including, 1 um to 40 pm.

The method may further include combining the metal pre-
cursor solution and the chalcogenide solution in a first single
channel of a connector to form a combined solution, wherein
the first single channel diverges into a plurality of channels,
wherein the plurality of channels converge into a second
single channel, wherein the second single channel is flow-
ingly connected to the first continuous flow reactor. In such
example, the method may also include mixing the combined
solution by pumping the combined solution through the plu-
rality of channels, and recombining the combined solution in
the second single channel.

The method may also include adding a coating precursor
solution to a second continuous flow reactor, wherein the
second continuous flow reactor is in fluid communication
with the first continuous flow reactor, wherein the second
continuous flow reactor is maintained at a temperature
between, and including, 90° C.-250° C. In addition, the
method may include pumping the plurality of nanowires from
the first continuous flow reactor flow into a second continuous
flow reactor, wherein the plurality of nanowires are coated
with at least a portion of the decomposed elements of the
coating precursor solution to form a plurality of coated
nanowires. The coating precursor solution may include zinc
diethyl dithiocarbamate. The plurality of coated nanowires
may include CdSe/ZnS core/shell nanowires.

The present disclosure also provides a continuous flow
apparatus for producing nanowires, wherein the apparatus
includes a first feed line and a second feed line. The apparatus
also includes a first connector in fluid communication with
the first feed line and wherein the first connector is in fluid
communication with the second feed line. The apparatus also
includes a first continuous flow reactor in fluid communica-
tion with the first connector, wherein the first continuous flow
reactor is maintained at a temperature between, and includ-
ing, 170° C. to 300° C.

The apparatus may also include a degassing module,
wherein the first connector is in fluid communication with the
degassing module, and wherein the degassing module is in
fluid communication with the first continuous flow reactor.

The first continuous flow reactor may include at least one
reactor channel having a serpentine path, wherein the channel
is lined with a high temperature tubing, wherein the diameter
of'the reactor channel is between, and including, 100 microns
to 5 mm, wherein the length of the reactor channel is between,
and including, 30 cm to 10000 cm.
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In an example, the first connector includes a first single
channel that is in fluid communication with the first feed line
and the second feed line, wherein the first single channel
diverges into a plurality of channels, wherein the plurality of
channels converge into a second single channel, wherein the
second single channel is connected to the first continuous
flow reactor.

The apparatus may include a second continuous flow reac-
tor in fluid communication with the first reactor, wherein the
second continuous flow reactor is maintained at a temperature
between, and including, 60° C. to 300° C., for example, 90° C.
to 250° C.

The apparatus may include a third feed line in fluid com-
munication with a second connector, wherein the second
connector is in fluid communication with the first continuous
flow reactor and the second continuous flow reactor.

The apparatus may include a pump connected to the first
feed line and second feed line, wherein the pump maintains a
flow rate of at least 0.001 ml/min through the connector and
the first continuous flow reactor.

An advantage of the present apparatuses and methods is
providing a synthesis of CdSe nanowires in a continuous flow
process using microchannel reactors using reagents that are
flowable at room temperature. A continuous flow synthesis
method in a microfluidic reactor offers many advantages,
which include better control of process parameters, scalabil-
ity, and automation of production process. Flow reaction also
affords a rapid turnover of screening reactions and process
parameters, such as residence time, amount of catalyst, metal/
anion ratio, can be changed during the production run and
product fractions collected for each set of screening param-
eters. Such rapid screening turnover is not be possible with
batch processes as each process can only have a specific
limited set of parameters. Flow reactors are extensively scal-
able; additional units are added in parallel as required, scaling
from grams to kilograms to tons.

An advantage of the present methods is using Se-ODE, a
stable phosphine-free selenium source, in a reproducible con-
tinuous flow synthesis of CdSe nanowires. TOP-Se is more
expensive than Se-ODE, requires storage under strictly air-
free conditions, and has an age-dependent performance.

An advantage of the present methods is using 1-octadecene
and diphenyl ether as co-solvents with TOPO in the synthesis
of CdSe nanowires. As a result, the method uses reagent
solutions that are flowable at room temperature, the process is
extensively scalable, and the properties of the nanowires are
comparable to nanowires produced with TOPO alone.

An advantage of the present apparatus and method is
allowing for a controlled, reproducible, extensively scalable
and low cost nanowire production method.

Another advantage of the present apparatus and methods is
providing an easily adjustable modular design, such that the
user may customize the nanowires produced.

Further, the apparatus and methods are robust, and may be
used to reproducibly synthesize various nanomaterials
including but not limited to semiconductor nanowires.

Additional objects, advantages and novel features of the
examples will be set forth in part in the description which
follows, and in parts will become apparent to those skilled in
the art upon examination of the following description and the
accompanying drawings or may be learned by production or
operation of the examples. The objects and advantages of the
concepts may be realized and attained by means of the
description, methodologies, instrumentalities and combina-
tions particularly specified in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing figures depict one or more implementations in
accord with the present concepts, exemplified but not limited
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to the figures by way of example only, not by way of limita-
tions. In the figures, like reference numerals refer to the same
or similar elements.

FIG. 1 shows a schematic of an embodiment of a flow
reactor according to the present technology.

FIG. 2 shows a schematic of another embodiment of a flow
reactor apparatus according to the disclosure.

FIG. 3 shows a schematic of a further embodiment of a flow
reactor apparatus according to the disclosure.

FIG. 4 shows a schematic of yet another embodiment of a
flow reactor apparatus according to the disclosure.

FIG. 5 shows a schematic of still another embodiment ofa
flow reactor apparatus according to the disclosure.

FIG. 6 shows a schematic of yet another embodiment of a
flow reactor apparatus according to the disclosure.

FIG. 7 shows a schematic of still another embodiment ofa
flow reactor apparatus according to the disclosure.

FIG. 8 is a schematic of another embodiment of a flow
reactor apparatus disclosed herein.

FIGS. 9a-95 shows TEM images of bare CdSe nanowires
according to the procedure of Example 1. The scale bars are
equal to 100 nm.

FIG. 10a compares the interwire diameter variation of an
optimized standard batch reaction with various flow reactions
made according to the procedure of Example 1.

FIG. 105 compares the intrawire diameter variation of an
optimized standard batch reaction with various flow reactions
made according to the procedure of Example 1.

FIG. 11a shows TEM images of CdSe nanowires from a
scaled-up version of a flow reaction of made according to the
procedure of Example 1. The scale bars are equal to 100 nm.

FIG. 1156 shows the diameter results of a scaled-up version
of a flow reaction of made according to the procedure of
Example 1.

FIG. 11c¢ shows the yield results of a scaled-up version of a
flow reaction of made according to the procedure of Example
1.

FIGS. 124-12b are TEM images of CdSe nanowires
according to the procedure of Example 2.

FIGS. 134a-13b are TEM images of CdSe nanowires having
10 nm diameters using Se-ODE as the selenium source. The
average diameters are 11.7+3.7 nm. The scale bars are equal
to 100 nm.

FIGS. 14a-14b are TEM images of CdSe nanowires made
according to the procedure of Example 3. The scale bars are
equal to 50 nm.

FIG. 15 is a UV-Visible spectra of wires made according to
the procedures of Example 1 (solid), Example 2 (dots), and
Example 3 (dash).

FIGS. 16a-165 show photocurrent response of photosen-
sor devices made from CdSe nanowires.

FIGS. 17a-17p are TEM images of PbSe nanowires
according to the procedure of Example 4. The scale bars are
equal to 50 nm.

FIG. 18 is a UV-VIS Spectrum of PbSe nanowires made
according to the procedure of Example 4.

FIGS. 19a-196 are TEM images of CdSe/ZnS core/shell
nanowires according to the procedure of Example 5. The
scale bars are equal to 100 nm.

FIG. 20 is UV-VIS spectrum of CdSe nanowires according
to the procedure of Example 6.

FIG. 21 is UV-VIS spectrum of CdS nanowires according
to the procedure of Example 7.

DETAILED DESCRIPTION OF THE INVENTION

The present technology relates to various apparatuses and
ways of using the apparatuses to fabricate various nanomate-
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rials including semiconductor nanowires. Such nanowires
may have lengths greater than or equal to 1 pm, where certain
embodiments of nanowires may have lengths of greater than
or equal to 10 pum. The nanowires may also have uncon-
strained lengths. A nanowire may have a diameter on the
order of a nanometer (10~° m), and in some embodiments, the
thickness or diameter may be several nanometers or even tens
of nanometers. The nanowires may exhibit aspect ratios
(length-to-width ratios) 0of 10:1, 100:1, to 1000:1 or more. As
such, nanowires are sometimes referred to as one-dimen-
sional (1-D) materials. Specifically, the methods and appara-
tuses disclosed herein may be used to produce semiconductor
nanowires that typically have diameters between, and includ-
ing, 2-70 nm and lengths between, and including, 1-40 pm.

For example, the present nanowires may have lengths
greater than or equal to 1 um, where certain embodiments of
nanowires may have lengths of greater than or equal to 40 um.
The present nanowires may have average lengths of at least 1
um, at least 5 um, at least 10 pum, at least 20 um, at least 30 pm,
at least 40 pum, or at least 50 um. Alternatively, or in addition
to, the average length may be less than 100 pm, less than 90
um, less than 80 pm, less than 70 um, less than 60 um, or less
than 50 pm. The average length may be defined by any two of
the above endpoints. For example, the average length may be
between, and including, 1 pm to 50 um, 5 pm to 20 pm, 10 pm
to 50 pm, or 40 pm to 100 um. The nanowires may also have
unconstrained lengths.

The disclosed nanowires may have an average diameter on
the order of a nanometer (10~° m), and in some embodiments,
the thickness or diameter may be several nanometers or even
tens of nanometers. For example, the present nanowires may
have an average diameter of at least 1 nm, at least 5 nm, at
least 10 nm, at least 20 nm, or at least 30 nm. Alternatively, or
in addition to, the nanowires may have an average diameter of
less than 100 nm, less than 50 nm, less than 30 nm, less than
10 nm, or less than 5 nm. The average diameter may be
defined by any two of the above endpoints. For example, the
average diameter may be between, and including, 1 nm to 40
nm, 5 nm to 10 nm, 10 nm to 50 nm, or 5 nm to 30 nm.

The present apparatuses and methods may be used for the
production of straight, branched, or straight and branched
Group 1II-V, II-VI, and IV-VI semiconductor nanowires and
various semiconductor core-shell nanowire combinations.
For example, the methods may be used for the production of
straight and branched semiconductor metal-anion nanowires,
such as metal-selenide nanowires. In addition, the appara-
tuses and methods may also be used for the decoration of
semiconductor nanowires with metal and/or metal oxide
nanoparticles.

The present disclosure provides apparatuses for producing
semiconductor nanowires that may include: 1) one or more
pumps for flowing one or more precursor solutions and flush-
ing one or more reactors with one or more solvents; 2) one or
more connectors for combining different precursor solutions
in a single channel; 3) mixing by diverging the channel into a
plurality of channels and converging the plurality of channels
in a single channel with a uniform precursor solution that
enters areactor; 4) a reactor including a tortuous or serpentine
microchannel lined with high temperature non-reactive tub-
ing and heated to a specific temperature between 170° C. and
330° C. through which the mixed uniform precursor solution
passes to create and grow semiconductor nanowires.

FIGS. 1-8 show schematics of eight different embodiments
of a flow reactor apparatus 10 according to the present dis-
closure. The apparatuses 10 and methods may include one or
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more feed lines 20 for receiving reagents. The feed lines 20
may be connected to the mixer 12, a connector 22, and/or a
reactor 24.

The simplest embodiment of the apparatus is shown in
FIG. 1. Here, a single feed line 20 delivers all reagents to the
reactor 24. The apparatus may be used per the procedure in
Example 1 to produce nanowires.

A more robust embodiment of the apparatus is shown in
FIG. 2. Here, two separate feed lines 20 combine with con-
nector 22 into a single channel 26, which then feed in to
reactor 24. This embodiment can prevent the formation of
magic clusters by mixing the reagents immediately before the
reactor. The optimal distance between the connector and the
reactor can be calculated by using the flow speed and infor-
mation about the reaction kinetics of the magic clusters. Typi-
cally, ten centimeters is sufficient, but if faster magic cluster
reactions occur, shorter distances may be used.

Inanother example, the feed line 20 may direct the reagents
into a mixer 12, wherein the mixer 12 includes a first single
channel 14 that diverges into a plurality of channels 16 and
subsequently converging the plurality of channels 16 into a
second single channel 18. However, the mixer 12 may be
replaced by other mixers or mixing using a plurality of com-
mon mixing methods, where the mixer 12 or method provides
a uniform solution after mixing various precursor solutions.
The apparatus 10 may include a combination of software
and/or hardware for automation of the production, purifica-
tion and analysis of the product.

The connectors 22 may be separate from the mixer and/or
contained within a mixer 12. For example, the solutions from
the feed lines 20 may feed into a connector 22 and subse-
quently enter the mixer 12. The connectors 22 may act as
mixers for combining different solutions or suspensions into
a single uniform solution or suspension to be introduced to a
reactor 24. The connectors 22 mix the different reagents to
provide a uniform reagent mixture that is fed to the reactor 24
to remove any concentration gradients that may affect the
product quality.

The apparatus 10 may include channels 26 or microtubing
that connects and directs the solutions and reagents through
the connectors 22, mixers 12, and reactors 24, among others.
One or more pumps may maintain reagent flow at a specified
or range of pressures or flow speeds through the channels 26
or conduits (e.g., microtubing), connectors 22, and reactors
24. The described pumps provide the hydrodynamic force
needed to direct or propel the reagents through the various
channels 26 of the apparatus 10. Any pump capable of sup-
plying hydrodynamic flowing force upon a liquid at a desig-
nated flow rate may be used.

The one or more continuous flow reactors 24 may maintain
a reaction temperature conducive to creating nanomaterials
and nanowires and enable further mixing through a serpentine
nature of one or more channels 26 therein. In the example of
an apparatus 10 including more than one reactor 24, the
reactors 24 may be configured in series, in parallel, and com-
binations thereof. One or more reactors 24 maybe included in
the apparatuses 10 that are configured to maintain a reaction
temperature and enable further mixing through a serpentine
nature of one or more channels therein. The microchannels in
the reactor and the microtubing enable fast and effective heat
transfer to the reagent solution.

Reactors 24 may include a channel or conduit of a serpen-
tine-shaped glass tube or a coil suspended in a secondary
vessel containing a heat transfer fluid to maintain the tem-
perature at a specific value in order to form one or more
precursor solutions. The serpentine nature of the reactor
channel allows further mixing of the reagents in the reaction
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zone and this prevents concentration gradients, buildup of
residue, and clogging of the reactor 24. In an example, the
reactor 24 may include a serpentine heated microchannel
substrate maintained at a specific temperature, through which
the precursor suspension may be passed to create the precur-
sor solution.

The reactor 24 may be made of amicrochannel coil of glass
or non-reactive material (e.g., Teflon) suspended in a heat
transfer fluid or a heating chamber. The diameter of these
channels may include but are not limited to 200 microns to 5
mm. The reactor 24 may include a glass or metal substrate
containing the microchannel which may further be lined with
a high temperature tubing, e.g., tubing that can withstand
temperatures of greater than or equal to 90° C. to 350° C. The
diameter of the channels or tubing may range from 100
microns to 5 mm. The lengths of the microchannels in the
reactor 24 may be 30 cm to 1000 cm. For embodiments where
multiple reactors 24 are used, any combination of the speci-
fied reactor designs may be used. The connectors 22 may be
used to change the diameter of the channels 26 to the appro-
priate size for the reactor 24.

In addition, the apparatus 10 may include one or more of
the following: 1) a heat source that is programmable or con-
trolled with software; 2) a spectrophotometer for in-line spec-
troscopic analysis; 3) a pump that is programmable or con-
trolled by software; 4) a purification system for in-line
purification of the semiconductor nanowires; 5) a fraction
collectorto collect the product; 6) software that automates the
method by controlling the heat sources, reactors, spectropho-
tometers, pumps, purification systems, and/or any other pro-
grammable component of the apparatus 10.

Various alternative configurations and steps may be used in
the present technology. The apparatus 10 may include a sepa-
rate reactor system for production of the precursor solutions.
For example, the apparatus 10 may include separate reactors
for the production of cadmium and selenium precursor solu-
tions with the produced solutions mixed with trioctylphos-
phine and a catalyst precursor solution in a connector 22 and
fed into the nanowire reactor 24. In such example, two reac-
tors 24 may be configured in parallel to prepare the separate
precursor solutions, then the prepared precursor solutions
may be fed into a third reactor 24 in series with the first two
precursor reactors 24, to prepare the nanowires.

The precursor solutions produced in the reactor 24 may
contain only the metal source, the anion source, such as a
chalcogenide source, and/or both the metal and anion
sources. The metal and anion precursors may be the same or
different chemical compounds. The precursor solution for the
reactor 24 may be fed directly by or mixed with other reagents
through a mixing system prior to being directed into the
reactor 24 for producing semiconductor nanowires.

The semiconductor nanowire solution exiting the reactor
may be mixed with precursor solutions and/or introduced into
another reactor for the production of coated semiconductor
nanowires. The semiconductor nanowire solution exiting the
reactor may also be introduced into a purification system for
in-line purification of the nanowire product.

FIG. 6 depicts an apparatus 10 wherein two or more
reagents are flowingly combined into a single channel 26
using a connector 22 or series of connectors 22. The single
channel 26 is flowed through a mixer 12 and then into the
reactor 24.

FIG. 7 depicts an apparatus 10 wherein two or more pre-
cursor solution feed lines 20 are combined into a single chan-
nel 26 using a series of connectors 22. The single channel 26
may flow through a mixer 12 before proceeding into the
reactor 24. The product of the first reactor 24 may be passed
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through a degassing module. The degassed solution may be
combined with one or more additional reagent solutions
through a separate feed line 20 that may be flowed through a
second mixer 12 and a second reactor 24. After the product
solution flows through a degassing module 28, the degassed
solution may be split into one or more fractions. The fractions
may be separately progressed through the second mixer 12
and second reactor 24. The product solution may be subse-
quently sent through a purification module 30.

FIG. 8 is yet another example of the apparatus 10 wherein
after the purification module the resulting nanowire product
may be coated in a third reactor 24.

The method to use the apparatus 10 involves proper selec-
tion of the apparatus configuration and precursor composi-
tions. The number of feedlines 20 is selected by the principle
of separating all solutions that might react with each other at
room temperature to form unwanted side products before the
solutions enter into the reactor(s) 24. The diameters of the
channels 26 and reactors 24 are selected based on the physical
properties of the solutions. For example, the slurry described
in Example 6 dictates the use of larger diameter tubing to
produce even flow. The length of the reactor is determined by
the residence time desired, and the achievable flow speeds of
the pumps that supply the reagents.

The preferred length of the reactor is also determined by
the internal diameter of the tubing and by the quality of the
produced nanowires. In most reported batch synthesis of
nanowires, residence times after injection were in the range of
1-5 min with 2 min being the most reported.[1, 6, 52] Longer
residence times generally result in the production of longer
nanowires. Further increases in residence times lead to more
increases in lengths of the nanowires, which may be accom-
panied by a broadening of the diameter distribution. We there-
fore adopted the 2 min residence time in the flow process.
Shorter reactor lengths generally favored smoother surface
morphology of the flow synthesis nanowires. For example a 2
minute residence time at flow speed of 0.24 ml/min can be
achieved with a 100 cm reactor length with a tubing of inner
diameter 0of 0.079375 cm. A 15 hour reaction residence time
would require either a flow speed of 0.002 ml/min with a 100
cm reactor and tubing inner diameter of 0.15875 cm, or in the
preferred embodiment a flow speed of 0.02 ml/min in a 1000
cm reactor with 0.15875 cm inner diameter.

The ideal precursor solution would be stable and soluble at
room temperature for many days. Additionally, it should also
be air- and moisture-stable. Less ideal precursor solutions can
be handled in the apparatus, by, for example, increasing the
diameter of the tubing to reduce the impact of crystallization.

The first precursor required for the flow-SLS production of
nanowires is a source of seed particles. The precursor solu-
tions may contain a catalyst, which may be formed in situ
from another precursor compound. Alternatively, a catalyst
solution or catalyst precursor solution may be added sepa-
rately through a separate feed line that feeds into the first
connector, or a feed line that feeds directly into the first
reactor. Catalysts may include bismuth chloride, other com-
pounds containing bismuth or other suitable metals, pre-
made nanoparticles of bismuth or other suitable metals, pre-
made metal nanoparticles containing a bismuth coating, or
combinations thereof, among others. The catalysts may
include other suitable metals, such as gold, indium, or silver
[53-55] or other metals that possess such form molten drop-
lets near the nanowire synthesis temperature

The premade seed particles may be added to either precur-
sor solution or introduced via a separate feedline with dilu-
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ents such as octadecene or diphenyl ether or another high
boiling point solvent, or combination of high boiling point
solvents.

The seed particles may be made in situ. In a typical reac-
tion, bismuth chloride may be used in a high boiling point
solvent such as N-methyl-2-pyrrolidinone (NMP) to provide
a bismuth source for the in situ formation bismuth seed par-
ticles upon reaction with a reducing agent (e.g. oleylamine or
trioctylphosphine). Alternatively, a solution of triphenylbis-
muth in 1-octadecene or diphenyl ether may be used to pro-
vide a bismuth source. Other solutions containing bismuth
compounds may be used for this purpose. However, the
present apparatus and methods have demonstrated that high
boiling point solvents, such as 1-methyl-2-pyrrolidinone
(NMP), or 1-octadecene, may be used to provide a bismuth
source in a flow reaction method. The metal seed particle
precursor can also be delivered in a solution of amines, such
as bismuth chloride in oleylamine.

In contrast, conventional nanowires grown by the hot injec-
tion solution-liquid-solid method may be created from either
pre-made bismuth seed particles or bismuth chloride in a low
boiling point solvent such as acetone. Low boiling point
solvents were once thought to be essential for the formation of
bismuth seed particles. For example, the introduction of low
boiling point solvents into a hot reaction mixture leads to
rapid evaporation ofthe low boiling point solvent, resulting in
a rapid increase in the bismuth concentration which was
thought to be critical for rapid formation of bismuth seed
particles. Low boiling point solvents were also convention-
ally used because bismuth chloride is soluble in certain low
boiling point solvents, and bismuth chloride has low solubil-
ity or is insoluble in many solvents.

There are several advantages of the present method of
using high boiling point solvents over the conventional
method (e.g., solvents having a boiling point greater than or
equal to the reaction temperature, for example, solvents with
boiling points greater than or equal to 150° C., greater than or
equal to 200° C., greater than or equal to 250° C., or greater
than or equal to 300° C.). Low boiling point solvents may
immediately vaporize upon entering the reactor 24, if the
reactor is held at a temperature higher than the boiling point.
The vapor produces gas bubbles in the channels or microtub-
ing 26 and disrupts the flow and consequently the production
of nanowires. Similarly, the wide range of metal seed precur-
sor solutions developed herein allows the user to select a
metal seed precursor solution that is miscible with the other
solutions. This improves mass transport and the homogeneity
of'the product. The conventional solution of BiCl; in acetone
is a slurry or suspension, which may mean that the concen-
tration of BiCl; changes with time, and especially in the flow
reaction, as BiCl, particles settle out of solution and no longer
are flowable. Additionally, extremely volatile solvents such
as acetone mean the metal seed particle precursor solution
must be made freshly each time, as the concentration of the
solution will change during storage as the acetone evaporates.
High boiling point solvents allow the long-term storage of the
precursor solution without changes in concentration.

The next precursor solution is the metal source. This is
typically synthesized as a metal-fatty acid, metal-alkylphos-
phinic acid, or metal-alkyl amine complex. Other metal-con-
taining compounds that are capable of delivery of the metal in
a soluble reactive form may be used as a metal source. For
example soluble metal/fatty acid precursors may be used in
the method and apparatus disclosed herein to produce CdSe,
CdS or PbSe. However, standard preparations of metal/fatty
acid precursors in the synthesis of Cadmium chalogenide[4,
6, 51, 52] and lead chalcogenide[15] nanowires are not
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soluble at room temperature and typically precipitate in the
microchannel. Optimizing the metal/fatty acid reagent solu-
tion to provide a room temperature soluble material is impor-
tant for successful production of good quality straight nanow-
ires. Branched and kinked morphologies may not require
soluble metal/fatty acid precursors.

In an example, the metal/fatty acid precursor for Cd-cha-
logenide nanowire synthesis may include combinations such
as cadmium oxide (CdO)/oleic acid, CdO/stearic acid, CdO/
octanoic acid, CdO/myristic acid, etc. Cadmium acetate or
other commercially available cadmium compounds may be
used in place of cadmium oxide. The metal/fatty acid precur-
sor may be formed at high temperatures to aid in solubility. In
the example of cadmium/fatty acid, soluble complexes may
form at temperatures in the range of 230° C.-350° C. depend-
ing on the cadmium/fatty acid combination. To obtain cad-
mium/fatty acid precursor that are soluble at room tempera-
ture, the composition of the cadmium precursor solution may
be optimized by adding 1-octadecene and diphenyl ether as
co-solvents with TOPO. Diphenyl ether when used as a co-
solvent with TOPO and octadecene improves the quality of
the CdSe nanowires compared to when 1-octadecene is used
as a co-solvent. The reason behind this effect is unknown, but
may be linked to the weakly coordinating nature of the diphe-
nyl ether. Diphenyl ether also may help produce a soluble
solution due to its more polar nature than 1-octadecene. How-
ever, diphenyl ether as the only co-solvent may result in
irreproducible solubilities of the cadmium precursor solution
at room temperature as the reagent solution freezes which is
due, in part, to its melting point. When 1-octadecene and
dipheny] ether are used as co-solvents with TOPO in our
cadmium precursor solution, the cadmium precursor solution
is reproducibly soluble at room temperature and high quality
CdSe nanowires are produced. Specific examples of such
may be found in Examples 1-3 (CdSe nanowires) and
Example 7 (CdS nanowires).

Inanother example, the metal/fatty acid precursor for CdSe
nanowire synthesis may include combinations such as cad-
mium oxide (CdO)/oleic acid, CdO/stearic acid, CdO/oc-
tanoic acid, CdO/myristic acid, etc. Cadmium acetate or other
commercially available cadmium compounds may be used in
place of cadmium oxide. The metal/fatty acid precursor may
be formed at high temperatures to aid in solubility. In the
example of cadmium/fatty acid, soluble complexes may form
at temperatures in the range of 230° C.-350° C. depending on
the cadmium/fatty acid combination. To obtain cadmium/
fatty acid precursor that is soluble at room temperature, the
composition of the cadmium precursor solution may be opti-
mized by adding 1-octadecene and diphenyl ether as co-
solvents with TOPO. Specific examples of such may be found
in Example 1-3.

In another example, the metal/fatty acid precursor for PbSe
nanowire synthesis may include combinations such as lead
oxide (PbO)/oleic acid, PbO/stearic acid, PbO/octanoic acid,
PbO/myristic acid, etc. lead acetate or other commercially
available lead compounds may be used in place of cadmium
oxide. The metal/fatty acid precursor may be formed at high
temperatures to aid in solubility. In the example of lead/fatty
acid, soluble complexes may form at temperatures in the
range of 120° C.-150° C. depending on the lead/fatty acid
combination. To obtain lead/fatty acid precursor that is
soluble at room temperature, the composition of the lead
precursor solution may be optimized by adding 1-octadecene
or diphenyl ether as co-solvents with trioctylphosphine. Spe-
cific example of such may be found in Examples 4

These metal precursors may either be pre-synthesized and
then loaded in to the apparatus 10, or they may be made with
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the apparatus 10. In an example, a configuration such as that
shown in FIG. 7 may be selected. The Reactor 1 would be
selected to synthesize the metal precursor, and the resulting
solution degassed via module 28. The formation of the metal
precursor is known to produce gas and vapors that should be
removed prior to nanowire synthesis.[56] A specific example
of' a cadmium oleate precursor synthesized in the apparatus
and then used to produce nanowires in the apparatus is pre-
sented in Example 6.

The anion precursor solution is typically synthesized as an
anion-fatty acid, anion-alkylphosphinic acid, anion-alkyl
amine or anion-alkylphosphine complex. Other anion-con-
taining compounds that are capable of delivery the anion in a
soluble reactive form may be used as the anion source. For the
specific example of chalogenide anions (E=S, Se, Te), the
preferred embodiments are alkylphosphine-E and octa-
decene-E complexes. Examples are presented where both
trioctylphosphine (Ex. 1& 7) and octadecene (Ex. 2-6) are
used to create chalcogenide precursors. As with the metal
precursor, the anion precursors can be made either external to
the apparatus and then loaded to the apparatus, or can be
synthesized in the apparatus in the configuration demon-
strated in FIG. 7.

In the specific example of Se-ODE, it is remarkably stable
and may be flowed for long hours and in large volumes
without any noticeable changes in the nanowire product. Se-
ODE may be prepared in a concentration that is an order of
magnitude more dilute than a conventional TOP-Se solution
and, as such, Se-ODE may be flowed without dilution through
a separate feed line from the metal precursor line without
affecting the product quality.

Se-ODE may not be suitable for conventional hot injection
methods of producing nanowires. For example, the large tem-
perature drop that may accompany the hot injection of Se-
ODE may adversely affect the product quality in a batch
process. Depending on the metal/anion ratio and the conse-
quent volume ratio of the metal precursor solution to the
Se-ODE solution, the volume of the Se-ODE may be such as
to cause a catastrophic drop in temperature that renders the
synthesis impossible. In contrast, the flow reactor method
disclosed herein avoids the temperature drop by incorporat-
ing microchannel reactors wherein fast and efficient heat
transfer to the reagent solution results in the near-immediate
rise of the reagent temperature to the set process temperature.

In the reactor and for the specific example of metal chal-
cogenide nanowires, the octadecene-chalcogenide precursor
may react with the metal precursor at a high temperature in
the presence of the catalyst and other reagents to form metal
chalcogenide nanowires. The selectivity of the selenium pre-
cursor solution towards nanowire production may be tuned
with trioctylphosphine to give the desired product morphol-
ogy. For example, as demonstrated in Examples 2 & 3, trio-
ctylphosphine is added to improve the yield of the CdSe
nanowires and in Example 4, trioctylphosphine improves the
yield of PbSe nanowires. Higher amounts of trioctylphos-
phine in the CdSe production process using Se-ODE as the
selenium source can result in CdSe nanowires with uneven
surfaces.

The present continuous flow method of producing CdSe
nanowires using Se-ODE as the selenium source produces
superior nanowires. For example, when Se-ODE is used as
the selenium source, high quality, straight CdSe nanowires
with diameters between, and including, 5 nm to 30 nm were
produced in the flow reactor.

In another example, the alkylphosphine, such as trio-
ctylphosphine, can be used to synthesize chalcogenide pre-
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cursor. Example 1 demonstrates the use of TOP-Se and
Example 7 demonstrates the use of TOP-S.

In an example, the method may include combining at least
two precursor solutions in a first connector. For example a
soluble metal/fatty acid precursor solution, such as a cad-
mium precursor solution, may be added to a first feed line and
a selenium precursor solution may be added to a second feed
line. The two precursor solutions may be mixed in a connector
and fed into a reactor disclosed herein whereby CdSe nanow-
ires are produced. The method may include an additional
separate feed line for a catalyst precursor solution, among
others, to be added.

The apparatus and method may include separate feed lines
for a selenium precursor solution, trioctylphosphine, a cata-
lyst precursor solution, and a cadmium precursor solution,
which are mixed in the connector and fed to the reactor.
Alternatively, or in addition to, the apparatus and method may
include separate feed lines for the cadmium and selenium
precursor solutions which are mixed in a first connector, a
separate feed line for the trioctylphosphine, and a separate
feed line for the catalyst precursor solution, wherein the solu-
tion from the first connector is mixed with the trioctylphos-
phine and catalyst precursor solution in a second connector
and fed to the reactor.

Yet another example of the method and apparatus may
include separate feed lines for the cadmium precursor solu-
tion and trioctylphosphine which are mixed in a first connec-
tor, separate feed lines for the selenium and catalyst precursor
solution which are mixed in a second connector, wherein the
solutions from the two connectors are mixed in a third con-
nector and fed into the reactor. In another example, the
method and apparatus include separate feed lines for the
cadmium precursor solution and catalyst precursor solution
that are mixed in a first connector, separate feed lines for the
selenium precursor solution and trioctylphosphine which are
mixed with the solution from the first connector in a second
connector and fed to the reactor. In an example, separate feed
lines for the cadmium precursor solution and trioctylphos-
phine are mixed in a first connector, separate feed lines for the
selenium and catalyst precursor solution are mixed with the
solution from the first connector in a second connector and
fed into the reactor. The methods and apparatus may include
separate feed lines for heat transfer fluids or solvents to
change the concentration of the reagents and thus tune the
product.

In contrast to conventional methods of producing CdSe
nanowires using the hot injection method, in the present appa-
ratuses and methods, the reagents may be mixed at low tem-
peratures and introduced in the reactor where fast heat trans-
fer leads to the exclusive production of nanowires at the
desired temperature. Methods may include a cadmium pre-
cursor suspension degassing temperature in the range of
60-120° C. The cadmium precursor solution formation tem-
perature may be in the range 0 210° C.-350° C., for example,
230° C.-330° C., 220° C.-300° C., or 240° C.-270° C. A
selenium precursor solution formation temperature may be
between, and including, 180° C.-280° C. with a formation
time in the range of 10 minutes to 5 hours. For example, the
selenium precursor solution may be formed at a temperature
between, and including, 180° C.-280° C., 180° C.-260° C.,
180° C.-240° C.,0r 180° C.-220° C. The nanowire production
temperature may be in the range of 170° C.-330° C., for
example, 180° C.-300° C., 170° C.-280° C., 220° C.-300° C.,
or 170° C.-260° C.

The reactivity of the metal chalcogenide may also be tuned
by the addition of dioctylphosphinic acid, tetradecylphospho-
nic acid, oleylamine, or any other compound containing simi-
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lar functional groups. For example, addition of oleylamine
appears to speed up reaction kinetics, producing larger diam-
eter wires. Addition of tetradecylphosphonic acid slows down
the reaction kinetics and produces nanowires with much
shorter lengths (1 micron) compared to conditions without
tetradecylphosphonic acid. Excess dioctylphosphinic acid in
the reaction mixture has a similar effect. Those skilled in the
art will recognize that reaction kinetics can also be altered by
changing the concentration of the reagents, and this can also
be used to alter the nature of the product.

This apparatus and the method of use are also well suited to
screening a variety of reaction conditions. An example is a
single flow process where the metal/anion ratio, catalyst
amount, residence time, reagent concentration, process tem-
perature, etc. can be screened during the duration of the flow
process. As a specific example, a nanowire flow production
may have three reagent feed lines A, B, and C (Examples 3
and 4) containing metal, chalcogenide, and catalyst precursor
solutions, respectively. Various combinations of residence
time, metal/chalcogenide ratio, catalyst amount, and process
temperature, can be achieved and fractions collected for each
set of screening parameters for analysis. A larger number of
feed lines with broaden the number of possible combinations
of screening conditions. This type of rapid combinatorial
screening is not easily achievable with batch reactions. This
technique is very useful for the development of novel nano-
materials, but also for gaining a deeper understanding into the
fundamental principles behind the formation of known nano-
materials. A high throughput robotic batch reactor has been
reported that can perform eight small scale hot injection reac-
tions ata time.[11] With the apparatus 10 and methods herein,
a near infinite number of reaction conditions can be screened
in a reaction run.

The present apparatuses and methods for making nanoma-
terials including semiconductor nanowires may be used in
various ways and in various systems and devices to provide
certain benefits and advantages. Nanowire uses include
nanoscale electronics, optoelectronics, chemical sensors,
biological sensors, optical sensors, polarization sensors,
energy harvesting and storage, flexible electronics, photoca-
talysis, printed electronics, solar cells, and gas sensors among
others. For example, the unique optical, electronic, and
physio-mechanical properties of the semiconductor nanow-
ires may improve the performance of such systems and
devices. An example photosensor device was produced from
these CdSe NWs and the results presented in FIG. 16.

Example embodiments are provided so that this disclosure
will be thorough, and will fully convey the scope to those who
are skilled in the art. Numerous specific details are set forth
such as examples of specific components, devices, and meth-
ods, to provide a thorough understanding of embodiments of
the present disclosure. It will be apparent to those skilled in
the art that specific details need not be employed, that
example embodiments may be embodied in many different
forms, and that neither should be construed to limit the scope
of the disclosure. In some example embodiments, well-
known processes, well-known device structures, and well-
known technologies are not described in detail. Equivalent
changes, modifications and variations of some embodiments,
materials, compositions and methods may be made within the
scope of the present technology, with substantially similar
results.

Example 1

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), acetonitrile (99.9%, Fisher
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Chemical), BiCly (99.999%, Strem), CdO (99.5%, Aldrich),
diphenyl ether (99%, Aldrich), methanol (ACS grade, VWR),
oleic acid (90%, Aldrich), oleylamine (70% Aldrich), sele-
nium (99.99%, Strem) trioctylphosphine (90%, Aldrich),
trioctylphosphine oxide (99%, Strem), toluene (ACS grade,
VWR). IM TOP-Se was prepared by dissolving selenium
powder in trioctylphosphine under inert atmosphere; trio-
ctylphosphine oxide (TOPO) was recrystallized from aceto-
nitrile prior to use; di-n-octylphosphinic acid (DOPA) was
synthesized according to the procedure reported by Wang et.
al.[1], a stock suspension of 2 mM BiCl; in NMP was pre-
pared in advance.

The continuous flow reactor for nanowire synthesis is an
aluminum block containing a serpentine channel that is lined
with a PTFE tubing (ID=0.079375 c¢m) and heated on a hot-
plate. The channel in the aluminum block has a length of ~100
cm and was made with a CNC milling machine. Connections
to the tubing were made with syringe adapters and mixing
connectors (Idex-HS), and syringe pumps were used to propel
the solutions along the tubing. The flow rate in the reactor is
held at 0.24 ml/min to give a 2 min residence time for the
nanowire production in the reactor.

Flow synthesis of CdSe Nanowires using TOP-Se as a
selenium source. CdO (60 mg), DOPA (100 mg), oleic acid
(0.8 ml), TOPO (2.5 g) and 1-octadecene (1.0 ml) were
degassed for 1 hr in a 3-neck round bottom flask at 80° C. The
temperature was then raised to 300° C. under nitrogen atmo-
sphere until it turned clear indicating the complete formation
of cadmium oleate. The temperature was lowered to 60° C.
and diphenyl ether (1.6 ml) and oleylamine (1.7 ml) were
added followed by degassing the mixture at this temperature
for 30 min, then cooled to room temperature under nitrogen
atmosphere. IM TOP-Se (0.1 ml) and 2 mM BiCl, suspension
(0.2 ml) was added to the reaction mixture.

The reactor configuration follows FIG. 2. Separately, the
reactor was preheated to 250° C. on a hotplate while flowing
1-octadecene from a syringe pumps through it. The tempera-
ture of the reactor was monitored using external temperature
probes. When the reactor temperature stabilized at 250° C.,
the reagent was then added to a syringe and flowed through
the reactor at 0.239 mI./min to give a 2 min residence time at
250° C. process temperature. The nanowire products were
collected in a collection vessel downstream from the reactor
and purified by conventional CdSe nanowire purification
techniques.

FIGS. 94-95 include TEM images of the CdSe nanowires
synthesized according to Example 1 having an average diam-
eter of 25.83 nm (0=£26%).

FIGS. 10a-105 compare flow reactions of this type with
optimized batch preparations. Typically 40-100 wires are
measured per synthesis via TEM. Each wire is measured at 10
places along its length, and these data are used to calculate
average diameter and variance. The graph on the left displays
size variance among wires within the same lot, while the
graph on the right shows average variance within a single wire
of that lot. FIGS. 104-105 compare an optimized standard
batch [2, 57] reaction (diamonds), with various flow reactions
we performed. Ithas been reported that the interwire variation
increases with diameter, [52] and a linear fit of the optimized
batch data is shown as a guide to the eye, FIG. 104 (line). The
flow reactions (circles) typically give better inter- and intra-
wire distributions than the corresponding batch reactions
(diamonds).

This type of reaction has also been performed on a large
scale; over the course of ~9 hours consistent product was
manufactured, as shown in the TEM images in FIG. 11a. An
air bubble was discovered in the line for the first fraction,
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which was cleared and the run restarted; thus the first two
fractions are expected to be slightly different due to the airand
the stopped flow. The last fraction was also a partial hour. As
shown in FIG. 115, the remaining fractions are consistent in
diameter (d=22 nm=+6.9 nm, n=592 wires). They exhibited a
similar distribution compared to short flow reaction runs
(~30% interwire variation for 25 nm wires), but tighter than
batch reactions (~45% interwire variation for 20 nm wires).
The interwire variation is shown by fraction in FIG. 10a
(numbered circles). FIG. 11¢ shows that each fraction reliably
produced at least 30 mg of NWs (discounting the interrupted
flow in the first two fractions and the partial hour run time of
the last fraction).

Example 2

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), acetonitrile (99.9%, Fisher
Chemical), BiCl; (99.999%, Strem), CdO (99.5%, Aldrich),
diphenyl ether (99%, Aldrich), methanol (ACS grade, VWR),
oleic acid (90%, Aldrich), oleylamine (70% Aldrich), sele-
nium (99.99%, Strem), trioctylphosphine (90%, Aldrich),
trioctylphosphine oxide (99%, Strem), toluene (ACS grade,
VWR). 0.1M Se-ODE was prepared by dissolving selenium
powder in 1-octadecene at 180° C. for 5 hr under inert atmo-
sphere according to the procedure by Bullen et al. [42]; trio-
ctylphosphine oxide (TOPO) was recrystallized from aceto-
nitrile prior to use; di-n-octylphosphinic acid (DOPA) was
synthesized according to the procedure reported by Wang et
al. [1], a stock suspension of 2 mM BiCl; in NMP was pre-
pared in advance.

The continuous flow reactor for nanowire synthesis is an
aluminum block containing a serpentine channel that is lined
with a PTFE tubing (ID=0.079375 c¢cm) and heated on a hot-
plate. The channel in the aluminum block has a length of ~100
cm and was made with a CNC milling machine. Connections
to the tubing were made with syringe adapters and mixing
connectors (Idex-HS), and syringe pumps were used to propel
the solutions along the tubing. The flow rate in the reactor is
held at 0.24 ml/min to give a 2 min residence time for the
nanowire production in the reactor.

Flow synthesis of CdSe Nanowires using Se-ODE as a
selenium source. CdO (60 mg), DOPA (12 mg), oleic acid
(0.8 ml), TOPO (2.5 g), and 1-octadecene (1.0 ml) were
degassed for 1 hrin a 3-neck round bottom flask at 80° C. The
temperature was then raised to 300° C. under nitrogen atmo-
sphere until it turned clear indicating the formation of cad-
mium oleate. The temperature was lowered to 80° C. and
dipheny] ether (1.6 ml) was added followed by degassing the
mixture at this temperature for 30 min, then cooled to room
temperature under nitrogen atmosphere. A second reaction
mixture of identical composition was prepared in parallel.
Trioctylphosphine (0.05 ml) was added to the first reaction
mixture (Reagent A), 2 mM BiCl; suspension (0.035 ml) and
0.1M Se-ODE (2.0 ml) were added to the second reaction
mixture (Reagent B).

The reactor configuration follows FIG. 2. Separately, the
reactor was preheated to 240° C. on a hotplate while flowing
1-octadecene from two syringe pumps through it. The two
flow lines were combined using a T-connector into a single
line that enters the reactor, and the temperature of the reactor
was monitored using external temperature probes. When the
reactor temperature stabilized at 240° C., the two Reagents A
and B were then added to two different syringes and flowed
through the reactor at 0.1024 and 0.1366 mL/min, respec-
tively, to give a 2 min residence time. The nanowire products
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were collected in a collection vessel downstream from the
reactor and purified by conventional CdSe nanowire purifi-
cation techniques.

FIGS. 124-125 include TEM images of the CdSe nanow-
ires synthesized according to Example 2 and having an aver-
age diameter of 9.98 nm (6=x27%).

FIGS. 134-13b are TEM images of the CdSe nanowires
synthesized according to modification of Example 2. The
modifications implemented are: 0.1M Se-ODE (1.0 ml) and 2
mM BiCl; in NMP (0.040 ml). The nanowires have an aver-
age diameter of 11.7 nm (0=%31%).

Example 3

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), acetonitrile (99.9%, Fisher
Chemical), triphenylbismuth (99%, Strem), CdO (99.5%,
Aldrich), diphenyl ether (99%, Aldrich), methanol (ACS
grade, VWR), oleic acid (90%, Aldrich), oleylamine (70%
Aldrich), selenium (99.99%, Strem), trioctylphosphine
(90%, Aldrich), trioctylphosphine oxide (99%, Strem), tolu-
ene (ACS grade, VWR). 0.2M Se-ODE was prepared by
dissolving selenium powder in 1-octadecene at 200° C. for 2
hr under inert atmosphere according to the procedure by
Bullen et al.[42]; trioctylphosphine oxide (TOPO) was
recrystallized from acetonitrile prior to use; di-n-octylphos-
phinic acid (DOPA) was synthesized according to the proce-
dure reported by Wang et al.[1]; a stock suspension of 2 mM
triphenylbismuth (BiPh;) in 1-octadecene was prepared in
advance.

The continuous flow reactor for nanowire synthesis is an
aluminum block containing a serpentine channel that is lined
with a PTFE tubing (ID=0.079375 c¢m) and heated on a hot-
plate. The channel in the aluminum block has a length of ~100
cm and was made with a CNC milling machine. Connections
to the tubing were made with syringe adapters and mixing
connectors (Idex-HS), and syringe pumps were used to propel
the solutions along the tubing. The flow rate in the reactor is
held at 0.24 ml/min to give a 2 min residence time for the
nanowire production in the reactor.

Flow synthesis of CdSe Nanowires using Se-ODE as a
selenium source. CdO (60 mg), DOPA (12 mg), oleic acid
(0.8 ml), TOPO (2.5 g), 1-octadecene (1.0 ml), and diphenyl
ether (1.6 ml) were degassed for 1 hr in a 3-neck round bottom
flask at 80° C. The temperature was then raised to 300° C.
under nitrogen atmosphere until it turned clear indicating the
formation of cadmium oleate. The mixture was cooled to
room temperature under nitrogen atmosphere. Trioctylphos-
phine (0.12 ml) was added to this reaction mixture (Reagent
A). 0.2M Se-ODE (2.35 ml) and 2 mM BiPh; suspension
(0.05 ml) were mixed under nitrogen (Reagent B). 1-octa-
decene (7.0 ml) (Reagent C) and all the other reagents (A &
B) were added to separate syringes.

The reactor configuration follows FI1G. 3, however, without
the mixer. Separately, the reactor was preheated to 240° C. on
a hotplate while flowing 1-octadecene from three syringe
pumps through it. The three flow lines were combined using
a cross-connector into a single line that enters the reactor, and
the temperature of the reactor was monitored using external
temperature probes. When the reactor temperature stabilized
at240° C., the three Reagents A, B and C were flowed through
the reactor at 0.0978, 0.0361, and 0.1051 m[/min, respec-
tively, to give a 2 min residence time. The nanowire products
were collected in a collection vessel downstream from the
reactor and purified by conventional CdSe nanowire purifi-
cation techniques.
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FIGS. 14a-145 include TEM images of the CdSe nanow-
ires synthesized according to Example 3 and having an aver-
age diameter of 15.5 nm (0=+20%).

FIG. 15 is a UV-Visible spectra of wires made according to
the procedures of Example 1 (solid), Example 2 (dots), and
Example 3 (dash) illustrating that all preparations produce
CdSe nanowires with optical absorption spectra typical of
CdSe Nanowires.[58]

FIGS. 164-165 illustrate a photosensor made from such
CdSe nanowires. FIG. 164 includes electrical test data from
CdSe nanowire-based photosensor devices showing the
on/off (photocurrent/dark current) ratio as a function of bias
voltage. Error bars are the standard deviation over 3 sweepsx
50 devices. FIG. 165 is a time trajectory showing photocur-
rent with light exposure. The current reached above ~1.2 nA
when the nanowires were exposed to light; the current
dropped to 0.4 nA when the light was off.

Example 4

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), acetonitrile (99.9%, Fisher
Chemical), BiCl; (99.999%, Strem), diphenyl ether (99%,
Aldrich), hexanes (ACS grade, VWR), 2-popanol (ACS
grade, VWR), oleic acid (90%, Aldrich), oleylamine (70%
Aldrich), PbO (99.999%, Alfa Aesar), selenium (99.99%,
Strem), 1-tetradecylphosphonic acid (97%, Strem), 1-tet-
radecylphosphonic acid diethyl ester (98%, Alfa), trio-
ctylphosphine (90%, Aldrich), trioctylphosphine oxide (99%,
Strem), toluene (ACS grade, VWR). 0.1M Se-ODE was pre-
pared by dissolving selenium powder in 1-octadecene at 180°
C. for 5 hrunder inert atmosphere according to the procedure
by Bullen et al. (Chem. Mater. 2010, 22, 4135-4143); trio-
ctylphosphine oxide (TOPO) was recrystallized from aceto-
nitrile prior to use; di-n-octylphosphinic acid (DOPA) was
synthesized according to the procedure reported by Wang et
al.[1]; a stock suspension of 2 mM BiCl; in NMP was pre-
pared in advance; a stock solution of 1 mM TOPO dissolved
in 1-octadecene and diphenyl ether was prepared in advance.

The continuous flow reactor for nanowire synthesis is an
aluminum block containing a serpentine channel that is lined
with a PTFE tubing (ID=0.079375 c¢cm) and heated on a hot-
plate. The channel in the aluminum block has a length of ~100
cm and was made with a CNC milling machine. Connections
to the tubing were made with syringe adapters and mixing
connectors (Idex-HS), and syringe pumps were used to propel
the solutions along the tubing. The flow rate in the reactor is
held at 0.24 ml/min to give a 2 min residence time for the
nanowire production in the reactor.

Flow synthesis of PbSe Nanowires using Se-ODE as a
selenium source. PbO (446 mg), oleic acid (2.0 ml), 1-octa-
decene (6.0 ml), 1-tetradecylphosphonic acid (100 mg), 1-tet-
radecylphosphonate diethyl ester (100 mg), and trioctylphos-
phine (1.0 ml) is degassed with stirring in a round bottom
flask at 120° C. for 1 hr. The temperature is raised to 150° C.
under nitrogen atmosphere to complete the formation of lead
oleate, and thereafter cooled to room temperature (Reagent
A). 1 mM TOPO solution (1.0 ml) and 2 mM BiCl; suspen-
sion (0.2 ml) were mixed under nitrogen (Reagent B). 0.1M
Se-ODE (2.0 ml) (Reagent C) and all the other reagents (A &
B) were added to separate syringes. The lead (II) precursor
solution is added to a syringe.

The reactor configuration follows FIG. 3, minus the mixer.
The reactor consisted of two aluminum plates with 100 cm of
PTFE tubing (i.d. /52") encased in a serpentine channel. Sepa-
rately, the reactor was preheated to 220° C. on a hotplate
while flowing 1-octadecene from three syringe pumps
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through it. The three flow lines were combined using a cross-
connector into a single line that enters the reactor, and the
temperature of the reactor was monitored using external tem-
perature probes. When the reactor temperature stabilized at
220° C., the three Reagents A, B and C were flowed through
the reactor at 0.1405, 0.0843, and 0.0142 m[./min, respec-
tively, to give a 2 min residence time. The nanowire products
were collected in a collection vessel downstream from the
reactor and purified by conventional PbSe nanowire purifica-
tion techniques.

FIGS. 17a-1756 include TEM images of the PbSe nanow-
ires synthesized according to Example 4 and having an aver-
age diameter of 11.45 nm (0=+20%).

FIG. 18 includes UV-VIS spectrum of PbSe nanowires
made according to Example 4.

Example 5

Materials. 1-octadecene (90%, Aldrich), chloroform (cer-
tified ACS, Fisher Chemical), oleic acid (90%, Aldrich), oley-
lamine (70% Aldrich), trioctylphosphine (90%, Aldrich),
toluene (ACS grade, VWR), zinc diethyl dithiocarbamate
(97%, Aldrich) were used as received.

The continuous flow reactor for core nanowire synthesis is
an aluminum block containing a serpentine channel that is
lined with a PTFE tubing (ID=0.079375 cm) and heated on a
hotplate. The channel in the aluminum block has a length of
~100 cm and was made with a CNC milling machine. The
flow rate in the core nanowire reactor is held at 0.24 ml/min to
give a 2 min residence time for the nanowire production in the
reactor. The continuous flow reactor for coating included two
250 ml round-bottom flask, connected in series, each having
300 cm of PTFE tubing (0.15875 cm ID, McMaster Carr)
coiled through deaerated 1-octadecene. The flow rate in the
shell coating reactor is held at 0.13 ml/min to give a 50 min
residence time for the coating process. Connections to the
tubings were made with syringe adapters and mixing connec-
tors (Idex-HS), and syringe pumps were used to propel the
solutions along the tubing.

Flow synthesis of CdSe/ZnS core/shell Nanowires. The
crude core nanowire product exiting the production reaction
(Examples 1, 2, and 3) is separated from the liquid phase by
centrifugation. The core product is transferred to a round
bottom flask using chloroform (2.0 ml). Oleic acid (1.0 ml),
oleylamine(1.0 ml), and trioctylphosphine (5.0 ml) are added
to the mixture. The mixture is degassed for 15 min at 50° C.
on a Schlenk line, then cooled to room temperature under
nitrogen atmosphere to form the cadmium selenide nanowire
suspension (Reagent D). Separately, 0.055 M shell precursor
solution is prepared by dissolving zinc diethyl dithiocarbam-
ate (140 mg) in a mixture of oleylamine (2.0 ml) and 1-octa-
decene (5.0 ml), followed by sparging with nitrogen for 10
min to form the zinc sulfide shell precursor solution (Reagent
BE).

The reactor configuration follows FIG. 8, where i=0 for the
mixer and purification module. In parallel, the shell coating
reactors were preheating to 200° C. while flowing 1-octa-
decene from two syringe pumps through a T-connector to the
two reactors which are connected in series. When the reactor
temperature stabilized, the two reagent solutions (Reagents D
and E) were each flowed through the coating reactors at 0.065
ml./min, with the coating process maintained at a 50 min
residence time. The crude CdSe/ZnS core/shell nanowire
products were collected in a collection vessel downstream
from the coating reactors and purified by washing with tolu-
ene several times.
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FIGS. 194-1956 include TEM images of the CdSe/ZnS
nanowires synthesized according to Example 5. The diameter
of the core/shell nanowires is 21.91 nm (0=+22%) and were
made from core nanowires with diameter 15.55 nm
(0=x18%).

Example 6

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), acetonitrile (99.9%, Fisher
Chemical), BiCl; (99.999%, Strem), CdO (99.5%, Aldrich),
diphenyl ether (99%, Aldrich), methanol (ACS grade, VWR),
oleic acid (90%, Aldrich), oleylamine (70% Aldrich), sele-
nium (99.99%, Strem), trioctylphosphine (90%, Aldrich),
trioctylphosphine oxide (99%, Strem), toluene (ACS grade,
VWR). 0.1M Se-ODE was prepared by dissolving selenium
powder in 1-octadecene at 180° C. for 5 hr under inert atmo-
sphere according to the procedure by Bullen et al.[42]; trio-
ctylphosphine oxide (TOPO) was recrystallized from aceto-
nitrile prior to use; di-n-octylphosphinic acid (DOPA) was
synthesized according to the procedure reported by Wang et
al.[1]; a stock suspension of 2 mM BiCl; in NMP was pre-
pared in advance.

The continuous flow reactor for precursor synthesis
included a 250 ml round-bottom flask having 250 cm of PTFE
tubing (0.15875 cm ID, McMaster Carr) coiled through
deaerated 1-octadecene. The flow rate in the precursor reactor
is held at 0.06 ml/min to give a 82.5 min residence time. The
continuous flow reactor for core nanowire synthesis is an
aluminum block containing a serpentine channel that is lined
with a PTFE tubing (ID=0.079375 c¢cm) and heated on a hot-
plate. The channel in the aluminum block has a length of ~100
cm and was made with a CNC milling machine. Connections
to the tubings were made with syringe adapters and mixing
connectors (Idex-HS), and syringe pumps were used to propel
the solutions along the tubing. The flow rate in the reactor is
held at 0.24 ml/min to give a 2 min residence time for the
nanowire production in the reactor.

Flow synthesis of CdSe Nanowires using Se-ODE as a
selenium source. CdO (60 mg), DOPA (12 mg), oleic acid
(0.8 ml), TOPO (2.5 g), 1-octadecene (1.0 ml), and diphenyl
ether (1.6 ml) were degassed for 1 hr in a 3-neck round bottom
flask at 80° C. This cadmium precursor mixture was then
cooled to room temperature under nitrogen atmosphere. The
cadmium precursor reactor was pre-heated to 300° C. while
flowing solvent through it. The cadmium precursor was pro-
duced following the reactor configuration in FIG. 1. When the
reactor temperature stabilized at 300° C., the cadmium pre-
cursor mixture was added to a syringe and flowed through the
cadmium precursor reactor with the aid of a syringe pump at
0.06 ml/min to give an 82.5 min residence time. The cad-
mium oleate solution exiting this reactor was collected in a
round bottom flask under nitrogen flow, and later added to a
syringe (Reagent A). 1-octadecene (1.0 ml) and trioctylphos-
phine (0.12 ml) were mixed under nitrogen (Reagent B).
0.1M Se-ODE (4.7 ml) and 2 mM BiCl; suspension (0.2 ml)
were mixed under nitrogen (Reagent C). All the reagent solu-
tions were added to three separate syringes.

The reactor configuration follows FIG. 3, minus the mixer.
The reactor consisted of two aluminum plates with 100 cm of
PTFE tubing (i.d. /52") encased in a serpentine channel. Sepa-
rately, the reactor was preheated to 240° C. on a hotplate
while flowing 1-octadecene from three syringe pumps
through it. The three flow lines were combined using a cross-
connector into a single line that enters the reactor, and the
temperature of the reactor was monitored using external tem-
perature probes. When the reactor temperature stabilized at
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240° C., the three Reagents A, B and C were flowed through
the reactor at 0.1274, 0.0196, and 0.092 ml./min, respec-
tively, to give a 2 min residence time. The nanowire products
were collected in a collection vessel downstream from the
reactor and purified by conventional CdSe nanowire purifi-
cation techniques.

FIG. 20 is a UV-VIS spectrum showing the optical absorp-
tion of CdSe Nanowires produced according to example 6.

Example 7

Materials. 1-methyl-2-pyrrolidinone (99.5%, Aldrich),
1-octadecene (90%, Aldrich), BiCl, (99.999%, Strem), CdO
(99.5%, Aldrich), methanol (ACS grade, VWR), oleic acid
(90%, Aldrich), hexadecylamine (90% Acros), sulfur (99+%,
Strem), trioctylphosphine (90%, Aldrich), trioctylphosphine
oxide (99%, Strem), toluene (ACS grade, VWR). 1M TOP-S
was prepared by dissolving sulfur powder in trioctylphos-
phine under inert atmosphere; a stock suspension of 2 mM
BiCl; in NMP was prepared in advance. The continuous flow
reactor for precursor synthesis included a 250 ml round-
bottom flask having 300 cm of PTFE tubing (0.15875 cm 1D,
McMaster Carr) coiled through deaerated 1-octadecene. The
flow rate in the precursor reactor is held at 0.3 ml/min to give
a 19 min residence time. Connections to the tubings were
made with syringe adapters and mixing connectors (Idex-
HS), and syringe pumps were used to propel the solutions
along the tubing. The flow rate in the reactor is held at 0.24
ml/min to give a 2 min residence time for the nanowire pro-
duction in the reactor.

Flow synthesis of CdS Nanowires using TOP-S as a sulfur
source. CdO (64 mg), hexadecylamine (24 mg), oleic acid
(0.8 ml), and 1-octadecene (5.0 ml) were degassed for 1 hrin
a 3-neck round bottom flask at 80° C. The temperature was
then raised to 300° C. under nitrogen atmosphere until it
turned clear indicating the formation of cadmium oleate. The
mixture was cooled to room temperature under nitrogen
atmosphere. 1M TOP-S (0.08 ml) and 2 mM BiCl; suspen-
sion (0.05 ml) were added to the reaction mixture and stirred.

The reactor configuration follows FIG. 2. Separately, the
reactor was preheated to 300° C. on a hotplate while flowing
1-octadecene from a syringe pump through it. When the reac-
tor temperature stabilized at 300° C., the reagent mixture was
added to a syringe and flowed through the reactor at 0.3
ml./min for a 19.8 minresidence time. The nanowire products
were collected in a collection vessel downstream from the
reactor and purified by conventional CdS nanowire purifica-
tion techniques.

FIG. 21 is a UV-VIS spectrum showing the optical absorp-
tion of CdS Nanowires produced according to Example 7.

It should be noted that various changes and modifications
to the embodiments described herein will be apparent to those
skilled in the art. Such changes and modifications may be
made without departing from the spirit and scope of the
present invention and without diminishing its attendant
advantages. For example, various embodiments of the
method may be provided based on various combinations of
the features and functions from the subject matter provided
herein.

The following references are not admitted prior art, but can
be used to guide one skilled in the art in the practice of the
invention and are incorporated herein by reference in their
entirety.
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We claim:

1. A continuous flow method of producing nanowires, the
method comprising:

adding a metal precursor solution to a first continuous flow

reactor;

adding an anion precursor solution to the first continuous

flow reactor;

adding a catalyst precursor solution to the first continuous

flow reactor; and
creating a plurality of metal-anion nanowires having an
average length of 1 to 40 pm, an average diameter of 1 to
100 nm, and an average aspect ratio (length to width
ratio) of 10:1 to 1000:1;

wherein the first continuous flow reactor is maintained at a
temperature between, and including, 170° C. to 300° -C.
2. The method of claim 1 wherein the anion precursor
solution includes selenium-octadecene, selenium-trio-
ctylphosphine, sulfur-octadecene, or sulfur-trioctylphos-
phine.
3. The method of claim 1 wherein the metal precursor
includes cadmium or lead.
4. The method of claim 1 wherein the metal precursor
solution includes cadmium, diphenyl ether, octadecene, and
trioctylphosphine oxide.
5. The method of claim 1 wherein at least one of the metal
precursor solution and the anion precursor solution include a
catalyst precursor solution, wherein the catalyst precursor
solution includes a bismuth compound and a high boiling
point solvent, wherein the high boiling point solvent has a
boiling point of greater than, or equal to, 200° C.
6. The method of claim 1 wherein the plurality of nanow-
ires are CdSe nanowires.
7. The method of claim 1 wherein the plurality of nanow-
ires are Group III-V, II-VI, and IV-VI semiconductor nanow-
ires.
8. The method of claim 1 further comprising
combining the metal precursor solution and the anion solu-
tion in a first single channel to form a combined solution,
wherein the first single channel diverges into a plurality
of channels, wherein the plurality of channels converge
into a second single channel, wherein the second single
channel is connected to the first continuous flow reactor;

mixing the combined solution by pumping the combined
solution through the plurality of channels; and

recombining the combined solution in the second single
channel.
9. The method of claim 1 further comprising
adding a coating precursor solution to a second continuous
flow reactor, wherein the second continuous flow reactor
is in fluid communication with the first continuous flow
reactor, wherein the second continuous flow reactor is
maintained at a temperature between, and including, 90°
C.t0250° C.; and

pumping the plurality of nanowires from the first continu-
ous flow reactor flow into a second continuous flow
reactor, wherein the plurality of nanowires are coated
with at least a portion of the decomposed elements of the
coating precursor solution to form a plurality of coated
nanowires.

10. The method of claim 9 wherein the coating precursor
solution includes zinc diethyl dithiocarbamate as the sole
source of zinc and sulfur of the coated nanowires.

11. The method of claim 9 wherein the plurality of coated
nanowires include CdSe/ZnS core/shell nanowires.
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